M oisture content of cereal grains is one of the most important characteristics determining quality. It is important in determining the proper time for harvest and the potential for safe storage. It is also an important factor in determining the selling price, because the dry matter of grain has more value than the water it contains and because costs of drying must be taken into account when the grain must be dried to safe storage levels.
. In addition to frequency, which is known for a given instrument, temperature and bulk density are the major factors, other than moisture content, that influence the dielectric properties. The dependence on temperature can be determined and taken into account. Also, for static measurements, the bulk density, or test weight, can be taken into account. However, for dynamic measurements, or on-line moisture monitoring in flowing grain, bulk density correction is more troublesome.
It was recognized more than 20 years ago that microwave measurements had the capability for providing a moisture measurement independent of bulk density (Kraszewski and Kulinski, 1976; Kraszewski et al., 1977) . Efforts on measuring moisture content through microwave measurement techniques were cited in a previous review . It is the purpose of this article to review and discuss the more recent progress on the use of microwave measurements for densityindependent moisture sensing in grain.
BASIC PRINCIPLES
For a plane wave of normal incidence traversing a layer of low-loss material, the components of the relative complex permittivity can be obtained as follows (Nyfors and Vainikainen, 1989): where λ 0 is the free-space wavelength in meters, Φ is the phase shift in degrees, and A is the attenuation in dB experienced by the wave in traversing the layer of thickness t in meters. Thus, in addition to the frequency used, which determines λ 0 , and the layer thickness t, the measured values of attenuation and phase shift are required to characterize the dielectric permittivity.
Both A and Φ have been shown to be linear with moisture content M in limited experimental measurements on several kinds of grain (Kraszewski, 1988) . When the attenuation and phase shift per unit thickness are normalized for the bulk density of the grain, ρ, the linearity still holds. Thus:
where a, b, c, and d are constants for a particular type of grain to be determined from regression calculations on experimental data. It follows from equations 3 and 4, by combination, that both moisture content and bulk density can be obtained from simultaneous measurement of attenuation and phase shift, providing the following density-independent calibration equation for moisture content and an equation for bulk density:
It may be noted that moisture content is provided independent of bulk density by equation 5, and if necessary, equation 6 also provides a value for bulk density at the time of the measurement. Although, in this example, A/(ρt) and Φ/(ρt) are linear functions of moisture content, linearity is not required; only a defined function is necessary to permit the separation of the expressions for moisture content and density (Kraszewski, 1988) .
DENSITY-INDEPENDENT FUNCTIONS
In addition to expressing A and Φ as linear functions of moisture content M, the ratio of phase shift and attenuation has been considered as a density-independent function for determining moisture content by microwave measurements. For plane-wave propagation through low-loss materials, the ratio of phase shift to attenuation (Jacobsen et al., 1980; Kent and Meyer, 1982; Kent and Kress-Rogers, 1986; Kress-Rogers and Kent, 1987) can be expressed as:
or the reciprocal ratio: Kraszewski (1988) calculated the Φ/A ratio for data on wheat and developed empirical expressions for the ratio as a function of moisture content. Comparing results for moisture determination by this procedure to those determined with equation 5, the Φ/A ratio was only slightly less effective, with a standard error of performance (standard deviation of differences between the oven reference and the predicted moisture contents) of 0.22% moisture content compared to 0.17% for the procedure based on equation 5.
The first term of the right-hand side of equation 7, (ε′ -1)/ε′′, had earlier been tested as a density-independent function in calibration equations for microwave measurement of moisture content of a number of particulate dielectrics Schilz, 1980, 1981) , since their calculations showed that the second term had little significance for low permittivity materials. However, work by Kress-Rogers and Kent (1987) on food powders revealed that this term was important.
A new density-independent function was recently reported by Trabelsi et al. (1997a, d) . This contribution was based on an observation of the complex-plane plot of ε′′/ρ versus ε′/ρ for a large data set of measurements on hard red winter wheat at several frequencies (11.3 to 18.0 GHz), moisture contents (10.6% to 19.2%), temperatures (-1 to
42°C), and bulk densities (0.720 to 0.879 g/cm 3 ). It was noted that for permittivity determinations from attenuation and phase measurements at a given frequency, all of the points fell along a straight line and that differences in either moisture content or temperature amounted to translations along that same line ( fig. 1 ). The lines for each frequency intersected the ε′′/ρ = 0 axis at a common point, ε′/ρ = k, which represents the value of ε′/ρ for 0% moisture content or the value at very low temperature. Any change in frequency amounted to a rotation of the straight line about that intersection point. Thus, for a given frequency, the equation of the line was expressed as:
where a f is the slope at a given frequency. The slope a f varied linearly with frequency. Considering that tanδ = ε′′/ε′ expresses an energy balance in a dielectric, and that tanδ varies with bulk density, it was normalized to bulk density. Solving equation 9 for ρ and using the resulting expression for ρ, we then have:
For a given frequency and particular kind of material, ka f is a constant, and a new density-independent function can be defined as follows:
The use of these density-independent functions of the dielectric properties for determining grain moisture content will be discussed in the next section.
RECENT FINDINGS
Recent measurements on hard red winter wheat and hard red spring wheat at 9.4 and 4.8 GHz (Kraszewski and Nelson, 1992 ) and on shelled field corn at 9.4 GHz (Kraszewski and Nelson, 1994) , in which attenuation and phase shift were expressed as linear functions of the partial densities of water (mass of water per unit volume of bulk grain) and dry matter (mass of dry matter per unit volume of bulk grain), revealed standard errors of performance less than 0.3% moisture content for wheat and for corn. Wheat measurement data at 9.4 GHz, analyzed in terms of the Φ/A ratio, showed results that were just as good as those obtained by procedures based on the linear functions of the partial densities. Estimates of bulk density, however, are not provided by using the Φ/A ratio, whereas bulk density can be obtained when separate equations for A and Φ are used.
Physical principles of moisture determination in grain by microwave measurements have been presented in more detail recently (Kraszewski et al., 1997) . The partial densities of water and dry material in grain were expressed as functions of A, Φ, and T, the grain temperature. Moisture content and bulk density were then expressed as linear functions of these same three measured variables. Calibration equations for M and ρ were illustrated with measurement data for wheat over a range of moisture contents and temperatures. The linear model successfully predicted moisture content independent of bulk density and compensated for temperature. More complicated nonlinear models were also evaluated. Values for bulk density were provided by the same measurements. General calibration equations were also considered, based on measurements at two different frequencies, which also provides a method for resolving phase ambiguity problems encountered in microwave measurements .
The two-parameter microwave measurement technique has been explored for practical use in development of grain moisture instruments (King et al., 1992) . Possibilities for determining moisture content from the microwave measurements with artificial neural networks have also been demonstrated (Bartley et al., 1997) .
The three density-independent functions, A/Φ, ε′′/(ε′ -1), and ξ (eq. 11), were recently compared with an extensive set of data obtained from attenuation and phase shift measurements on static samples of hard red winter wheat at seven frequencies from 11.3 to 18 GHz, three bulk density levels ranging from loosely packed to compacted (0.720 to 0.879 g/cm 3 ), moisture contents from 10.6% to 19.2%, wet basis, and several temperatures from -1 to 42°C (Trabelsi et al., 1997b) . Relationships between these functions and grain temperature and moisture content are shown for 14.2 GHz in figures 2 and 3. All three functions are highly linear with temperature in the range studied. The functions shown in figure 3 are also reasonably linear with moisture content, and these relationships are expressed as follows:
where a and b are the intercept and slope constants in equations 12 to 14. The regression statistics for some of the data, for one temperature for example, are shown in table 1. Moisture content can be determined by solving these equations for M. Calibration equations, based on equations 12 to 14, were obtained with half the attenuation and phase-shift measurements data (91 data points) obtained over all frequencies, temperatures, and bulk densities. The other half of the measurements data, representing the same range of all three variables, was used as a validation set to test the performance of the calibrations. Standard errors of performance are given in table 2 for all seven frequencies at 24°C.
Results of the comparison showed that all three functions were practically equivalent in providing moisture contents independent of bulk density with standard errors of performance of about 0.3% moisture content or less throughout the frequency and moisture ranges explored.
The higher SEP values at the higher frequencies are most likely attributable to the reduced dynamic range of the attenuation measurement at the high end of the frequency range. Values of all three functions were relatively constant with frequency, and they showed increasing trends with both temperature and moisture content as illustrated for 14.2 GHz in figures 2 and 3.
The A/Φ function can be utilized only with transmission measurements and without the need for determining the permittivity values. However, the other two densityindependent functions, which require the computation of permittivity, can be used with transmission or any other type of measurement from which permittivity values can be determined, including reflection measurements.
CONCLUSIONS
Three different density-independent functions of the dielectric properties or wave parameters, evaluated with microwave measurement data on hard red winter wheat over ranges of frequency from 11 to 18 GHz, moisture content from 11% to 19%, and bulk densities from 0.72 to 0.88 g/cm 3 , were equivalent in predicting moisture content with standard errors of performance of 0.3% moisture content or less. Use of these density-independent functions in calibration equations, when implemented for on-line moisture monitoring in grain, should prove useful in providing moisture content data without the errors generally attributed to bulk density fluctuation in flowing grain when sensing moisture content by dielectric methods. The bulk density of the grain can also be determined from the same microwave measurements. Although the data have, by necessity, been obtained on static grain samples, the findings should be applicable to flowing grain. The density-independent microwave measurement technique should, therefore, be helpful in developing practical, reliable instruments for sensing moisture content of grain in on-line applications. 
